It has been accepted that epithelial secretion and absorption within the epididymis produces a favorable environment for maturation and storage of luminal spermatozoa. Mammalian spermatozoa (including mouse spermatozoa) usually undergo various changes in their cellular components during their transit through the epididymis and finally acquire the full ability to move progressively and to fertilize oocytes in the terminal region (cauda) of the epididymis \[[@r1],[@r2],[@r3],[@r4],[@r5]\]. In boars, however, most of the spermatozoa develop the ability to penetrate into oocytes in the proximal (caput) and middle (corpus) regions \[[@r6]\], but progressive motility develops in the corpus and cauda epididymides \[[@r7], [@r8]\]. In particular, when immature spermatozoa from the rete testis are treated to induce the acrosome reaction *in vitro*, they are capable of penetrating into zona-free hamster eggs \[[@r9]\]. In the cauda epididymidis, the spermatozoa are maintained in a quiet state by the interaction with weakly acidic luminal fluid containing stabilizing factors to minimize possible premature membrane destabilizations that could lead to events normally occurring in the female tract, such as the acrosome reaction \[[@r10],[@r11],[@r12],[@r13]\].

At ejaculation, mammalian spermatozoa (including mouse and boar spermatozoa) initiate flagellar beating to move intensively in a forward direction in response to the exposure to the secretions from the male accessory genital glands \[[@r14]\]. Specifically, bicarbonate in the secretions enters the spermatozoa through the plasma membrane via the action of a carbonic anhydrase \[[@r15], [@r16]\], sodium-bicarbonate cotransporter \[[@r17]\] and bicarbonate/chloride exchanger \[[@r18], [@r19]\]. The sperm acceptor for the cytoplasmic bicarbonate is adenylyl cyclase 10 (ADCY10) \[also called soluble adenylyl cyclase (sAC or SACY)\], which catalyzes the synthesis of cyclic adenosine 3´,5´-monophosphate (cAMP) from adenosine 5´-triphosphate (ATP) \[[@r20],[@r21],[@r22],[@r23]\]. The synthesized cAMP is an intracellular second messenger for the protein kinase A (PKA)-mediated signaling cascades and stimulates serine/threonine phosphorylation in the flagellar proteins including dynein \[[@r24],[@r25],[@r26]\] and axokinin \[[@r27]\], which are required for flagellar beating.

In the female reproductive tract, a relatively higher concentration of bicarbonate in the luminal fluid also promotes a series of sperm changes that are required for the expression of fertilizing ability. The details of capacitation-associated changes in mouse spermatozoa have already been reviewed in well-known publications \[e.g*.,*[@r4], [@r28], [@r29]\]. For boar spermatozoa, there are reports available on the phospholipid changes in the plasma membrane \[[@r30], [@r31]\]; aggregation of lipid ordered microdomains (lipid rafts), probably in response to the depletion of cholesterol from the plasma membrane \[[@r32], [@r33]\]; organization of the docking SNARE complex (VAMP 3, syntaxin 1B and SNAP 23) leading to the stable docking between the plasma membrane and outer acrosomal membrane \[[@r34]\], followed by disassembly of this docking complex and assembly of the fusion-driving SNARE complex (syntaxin 3, SNAP 23 and VAMP 2) with an additional interacting protein (complexin 2) \[[@r35]\]; changes in surface glycoconjugates \[[@r36]\]; increases and decrease in phosphorylated proteins \[[@r37], [@r38]\]; increases in intracellular calcium \[[@r39],[@r40],[@r41]\]; activation of phospholipase A2 \[[@r42]\]; and changes in the expression and localization of actin \[[@r43], [@r44]\]. These capacitation-associated changes enable the spermatozoa to undergo their acrosome reaction in the heads and hyperactivation in their flagella. Moreover, boar spermatozoa also come under the unique influence of the increase in head-to-head agglutination, which is linked to the progress of capacitation and is apparently promoted by the actions of the intracellular cAMP signal transduction \[[@r45],[@r46],[@r47],[@r48],[@r49]\]. Nonetheless, the agglutination may reduce the number of spermatozoa available for fertilization *in vitro* \[[@r50]\].

In this review, I cover updated insights regarding intracellular cAMP signal transduction, the acrosome reaction and flagellar motility in mammalian spermatozoa and then account for possible roles of intracellular cAMP signal transduction in the capacitation and subsequent hyperactivation of mouse and boar spermatozoa.

Intracellular cAMP Signal Transduction of Mammalian Spermatozoa {#s1}
===============================================================

In 1958, Southerland and his coworker discovered the role of cAMP as the second messenger in intercellular signal transduction in experiments on the hormonal regulation of metabolism in mammalian hearts and livers \[[@r51],[@r52],[@r53]\]. Specifically, in the glucose metabolism of liver cells, the hormone \[adrenaline (epinephrine)\] bound to its receptor and subsequently stimulated the transmembrane adenylyl cyclases, leading to the formation of cAMP from ATP. The increased cAMP stimulated unknown factors to activate glycogen phosphorylase of the key enzyme in glycogenolysis.

The adenylyl cyclases are important enzymes that convert ATP to cAMP in response to stimulation by various hormones, neurotransmitters, free ions and other molecules. Nine transmembrane adenylyl cyclase isoforms (Adcys \#1-9) and one soluble adenylyl cyclase (Adcy10) have been identified in the rodent so far. All of the transmembrane adenylyl cyclases include two transmembrane domains and two cytosolic domains and are activated via the interaction between G protein-coupled receptors (GPCRs) and Gs-heterotrimeric G proteins. The other isoform (Adcy10), which is distinguished from Adcys 1-9 by G-protein-independent activation and lack of the membrane-binding domain, is abundantly present in the testis. Adcy10 in rodent male germ cells has been characterized in great detail for the purpose of examining its roles in male reproductive performance and sperm expression of fertilizing ability \[e.g.*,*[@r20], [@r21], [@r54],[@r55],[@r56],[@r57],[@r58],[@r59],[@r60]\]. For instance, two controversial hypotheses have been suggested concerning the mechanisms for generation of the truncated form of Adcy10. The primary report explained that this cyclase is originally synthesized mainly in the testis as a 189-kDa precursor (full-length form) with two catalytic domains in the N-terminal region and that it then changes into the 48-kDa truncated form during the sperm maturational process in the epididymis. However, it has lately been reported that both the full-length and truncated forms of Adcy10 are generated from the same *Adcy10* gene in the testis by alternate splicing. In any case, the resultant truncated form consists almost exclusively of two conserved catalytic domains. The specific cyclase activity of the truncated form is approximately 20-fold higher than that of the full-length form. This cyclase is also stimulated by direct binding with not only bicarbonate but also calcium. In mature spermatozoa, Adcy10 is localized in the middle piece and involved in ATP synthesis. Moreover, it also plays a critical role in the regulation of capacitation-associated protein tyrosine phosphorylation, motility activation and hyperactivation. In fact, male mice lacking Adcy10 are infertile, as their spermatozoa are immotile. However, there is another report claiming that this isoform is indispensable for motility activation but does not have any direct effects on triggering hyperactivation \[[@r60]\]. By contrast, since the spermatozoon is a compartmented cell, it is difficult to diffuse the Adcy10-catalyzed cAMP from the middle piece to the head. Thus, this isoform is unlikely to be involved in the acrosome reaction and fusion with the oocyte plasma membrane. In fact, Adcy10-null spermatozoa have the normal capacity to undergo the acrosome reaction, indicating that Adcy10 is barely functional in the capacitation-associated changes leading to the acrosome reaction in the sperm head. The transmembrane isoforms including Adcy3 are present in the head and working as cAMP suppliers that stimulate the intracellular signal transduction regulating the capacitation-associated changes \[[@r61], [@r62]\].

Likewise, searches of the NCBI database imply the expression of mRNAs of transmembrane *ADCYs\#1-9* and *ADCYs2, 6 and 9* in cattle and pigs, respectively. Moreover, both full-length and truncated forms of ADCY10 are also detectable in the testis from livestock \[[@r22], [@r23]\]. The truncated form is translated from mRNA lacking exon 11 that is derived by the alternative splicing in the testis and exclusively contained in mature spermatozoa. The molecular masses of the boar sperm truncated forms are 48 kDa and 70 kDa. The molecular mass of the former corresponds to that of the truncated form of rodent Adcy10 with catalytic domains in the N-terminal region \[[@r20], [@r21]\], whereas the latter may be another truncated form that is limited to boar spermatozoa. However, livestock sperm ADCY10 \[[@r22], [@r23]\] is distributed in the head as well as the connecting and principal pieces, unlike rodent spermatozoa (middle piece). This indicates that the livestock ADCY10 is potentially related to the functions of both the heads and flagella. Thus, there are differences in the regulatory system for cAMP synthesis in the sperm heads between livestock and rodents. In addition, soluble adenylyl cyclase is present in the head of sea urchin spermatozoa and participates in the cAMP signal transduction regulating the acrosome reaction \[[@r63]\].

My colleagues and I also pay attention to the localization of ADCY10 in the connecting and principal pieces of livestock spermatozoa \[[@r22], [@r23]\], because a variety of cAMP signaling molecules exist specifically in these segments \[[@r49], [@r64],[@r65],[@r66],[@r67]\]. In other words, we hypothesized that livestock spermatozoa always maintain relatively higher levels of intracellular cAMP locally in the connecting and principal pieces by the action of ADCY10 and consequently produce constant stimulation of cAMP signal transduction in the flagella.

The main direct targets of cAMP are PKA and exchange protein directly activated by cAMP \[EPAC, also known as "Rap guanine nucleotide exchange factor (RAPGEF)"\] \[[@r68], [@r69]\]. PKA is a heterotetramer kinase that is composed of two cAMP-binding regulatory subunits and two inactive catalytic subunits \[[@r69]\]. Once the intracellular cAMP concentration increases, four molecules of cAMPs bind to one regulatory subunit dimmer to bring about release of catalytic subunits by a constructive change in regulatory subunits \[[@r70]\]. At this step, PKA becomes partially active and then fully active as the result of the phosphorylation at the Thr197 residue of the catalytic subunit to improve its affinity for ATP and the efficiency of phosphorylation to target proteins \[[@r71],[@r72],[@r73]\]. The amino acid motif of the activation loop is universal among different isoforms from various species, including humans (α, β and γ), mice (α and β) and pigs (α and β). The active PKA recognizes the substrate proteins containing amino acid motifs of Arg-X-X-Ser/Thr or Arg-X-Ser and transfers the phosphate group from ATP to serine or threonine residue \[[@r73]\]. Meanwhile, EPAC was discovered in 1998 as a novel cAMP-targeting factor \[[@r74], [@r75]\]. It is activated directly by cAMP for the function of the guanine-nucleotide exchange factors for small GTPases. The cAMP-EPAC-RAP1 signaling cascades are involved in the regulation of cellular adhesion \[[@r68], [@r76], [@r77]\], insulin secretion \[[@r68], [@r78]\] and cellular differentiation in somatic cells \[[@r68], [@r69]\].

These targets of cAMP have been found in mammalian spermatozoa. In the spermatozoa from several species, the distribution of PKA has been determined by immunological observation. In mouse spermatozoa, anti-PKA catalytic subunit antibody recognized flagellar antigens but not antigens of the heads \[[@r79]\]. However, Visconti *et al.* \[[@r80]\] reported that the regulatory and catalytic subunits of PKA were present in all regions. Anti-PKA regulatory subunit II antibody also reacted to the middle, principal and end pieces \[[@r81]\]. In bull spermatozoa, anti-PKA regulatory subunit I antibody produced intense staining of the acrosome and a light staining of connecting and middle pieces. In contrast, anti-PKA regulatory subunit II stained middle and end pieces intensively and principal piece less intensively \[[@r82]\]. In human spermatozoa, regulatory subunit II α was located on the axonemal microtubule wall of flagella, whereas a different isoform of broader specificity was present in the cytoplasm at the periphery of the coarse fibers and fibrous sheath. This subunit was also found in the mitochondria of the middle piece \[[@r83]\]. Moreover, a unique isoform of PKA catalytic subunit α-s was immunolocalized in the middle piece \[[@r84]\]. In boar spermatozoa, the anti-PKA catalytic subunit antibody stained prominently the principal and connecting pieces \[[@r85]\]. These suggest that PKA is localized mainly in the flagella of boar spermatozoa and that the localization of sperm PKA may vary among different species.

Although EPAC is less understood in mammalian spermatozoa compared with PKA, two isoforms are detectable in the mouse testis and are involved in the regulation of spermatogenesis \[[@r86], [@r87]\]. My colleagues and I \[[@r86]\] provided evidence for existence of cAMP-Epac signaling cascades in the heads of mouse spermatozoa. Branham *et al.* \[[@r88], [@r89]\] investigated roles of the cAMP-EPAC1-small G protein signaling cascades in the acrosome reaction of human spermatozoa. Briefly, they showed that Ca^2+^ influx for initiation of the acrosome reaction was fully induced by treatment with a cAMP analog, that the spermatozoa failed to undergo the acrosome reaction when EPAC was reacted with specific blocking antibodies and that the cell-permeable EPAC-selective cAMP analog induced the acrosome reaction. Kinukawa *et al.* \[[@r90]\] reported the cAMP-dependent activation of the Epac2-Rap2 signaling cascades regulating the conversion of microtubule sliding into flagellar bending in hamster epididymal spermatozoa. Moreover, Miro-Moran *et al.* \[[@r91]\] reported that an immunodetection signal of EPAC1 was observed in the marginal segment of the acrosome and middle piece of boar spermatozoa and that RAP1 and E-cadherin may be cAMP-EPAC1 signaling molecules. In addition, details on other elements of the intracellular cAMP signal transduction in mammalian spermatozoa are available in a previous review \[[@r92]\].

Acrosome Reaction {#s2}
=================

The mammalian spermatozoon is structurally composed of a head, neck (connecting piece) and flagellum. The head is divided into two parts, the acrosomal and postacrosomal regions, based on light-microscopic characteristics. The former region is further divided into three domains, the marginal, principal and equatorial segments. The marginal and principal segments are collectively termed the acrosomal cap \[[@r93]\]. The acrosome reaction is the exocytosis of the acrosomal contents following multiple partial fusions between the plasma and outer acrosomal membranes. It is apparently triggered by an increase in intracellular Ca^2+^, which is recruited from the extracellular space as well as the internal store (outer acrosomal membrane) through cation channels, including the voltage-operated Ca^2+^ channels (VOCCs), inositol triphosphate receptor (IP~3~R) and store-operated channels (SOCs). Recently, the group research of Darszon and Visconti indicates that acrosome reaction-inducible Ca^2+^ entry into mouse spermatozoa is mediated mainly via VOCCs, which are activated by membrane potential hyperpolarization during capacitation \[[@r94]\].

For the last several decades, it has been believed that a specific zona pellucida glycoprotein (ZP3 of mouse oocytes) has dual functions as a specific sperm-binding site (sperm receptor) and a physiological inducer of the acrosome reaction \[[@r95]\]. However, Gahlay *et al.* \[[@r96]\] claimed that another zona pellucida glycoprotein (ZP2), rather than ZP3, was pivotally involved in the sperm binding to the zona pellucida in mice. Jin *et al.* \[[@r97]\] observed using a video microscopic *in vitro* fertilization system that mouse spermatozoa underwent the acrosome reaction before contact with the zona pellucida and then fertilized oocytes. Moreover, spermatozoa with an intact acrosome barely initiated the reaction on the zona pellucida. These findings strongly require reexamination on the roles of the zona pellucida glycoprotein in the acrosome reaction. Alternatively, it should be noted that progesterone (included by the cumulus oophorus) can stimulate Ca^2+^ entry from the extracellular milieu \[[@r98]\], which activates the cAMP-EPAC-small G-protein (RAP1 and RAB3A) signaling cascades and then the SNARE-dependent mechanism, leading to the acrosome reaction in human spermatozoa \[[@r88], [@r89]\]. Effects of this steroid on the acrosome reaction have been reported to be mediated non-genomically by the unique receptors on the plasma membrane in various species \[[@r42], [@r99],[@r100],[@r101],[@r102]\]. The involvement of the cAMP signal transduction in the acrosome reaction is also supported by research with boar spermatozoa showing that treatment with a cell-permeable cAMP analog can induce the acrosome reaction after the capacitation-associated changes in the sperm head \[[@r38], [@r41]\].

Whether release of acrosomal serine proteases during the acrosome reaction is important for sperm fertilization with oocytes had also been controversial. This was finally demonstrated by the observation that epididymal spermatozoa from mice lacking sperm ACR (acrosin) and PRSS21 (testisin/TESP5) failed to penetrate into the zona pellucida *in vitro*. However, this mutant mouse was surprisingly subfertile (but not infertile), because ejaculated spermatozoa of this mutant mouse were partially capable of fertilizing oocytes *in vivo* due to interaction with uterine fluid during capacitation \[[@r103]\].

The mouse sperm-specific protein IZUMO1 is essential for sperm-oocyte plasma membrane binding and fusion. During the acrosome reaction, this protein migrates to the equatorial segment of the sperm head, which initially binds to and fuses with the oocyte plasma membrane \[[@r104], [@r105], [@r106]\]. This fact indicates that the acrosome reaction has another function for migration and modification of fertilization-related proteins in spermatozoa. Thus, this reaction can act as a functional switch that converts spermatozoa into a fusion-competent state \[[@r28]\].

We also need to reconsider the concept that fully acrosome-reacted spermatozoa are unable to penetrate into the zona pellucida and consequently have lost their fertilizing ability, because mouse spermatozoa long after the acrosome reaction are still capable of penetrating into the zona pellucida and fertilizing other oocytes \[[@r107]\]. Thus, the roles of the acrosome reaction in sperm fertilization and characteristics of the acrosome-reacted spermatozoa should be reexamined in all mammalian species.

Progressive Motility and Hyperactivation {#s3}
========================================

The flagellum of the mammalian spermatozoon is structurally divided into the middle, principal and end pieces. These pieces share a long axoneme in the central part that is composed of a central pair of microtubule doublets and nine outer microtubule doublets. However, the structures surrounding the axoneme are different among these pieces. In the middle piece, an outer dense fiber is localized outside of each outer microtubule doublet of the axoneme. These structures are surrounded by the mitochondrial sheath, which is positioned along the internal circumference of the plasma membrane \[[@r93], [@r108]\]. Although it has long been believed that oxidative phosphorylation in the mitochondrial sheath produces sufficient ATP to sustain sperm progressive motility under aerobic conditions, spermatozoa of many species can remain motile even under anaerobic conditions or when mitochondrial oxidative phosphorylation is pharmacologically inhibited. Moreover, it is uncertain whether sufficient ATP can effectively be diffused from the mitochondrial sheath to the distal flagellum. In spermatozoa from mice lacking a sperm-specific glycolytic enzyme, "glyceraldehyde 3-phosphate dehydrogenase-S", moreover, the ATP level was greatly reduced to 10% of that in wild-type mouse spermatozoa, though mitochondrial oxygen consumption was barely affected. These indicate that cytoplasmic glycolysis rather than mitochondrial oxidative phosphorylation is mainly functional in the supply of sufficient ATP to the distal flagellum for the exhibition of sperm progressive motility. However, arguments that the balance between these ATP-supplying systems varies among species and that local glycolysis is not solely responsible for the supply of ATP to the distal flagellum are still put forward. Indeed, deficiency of oxygen in the seminal plasma results in a remarkable reduction in the motility of boar spermatozoa ejaculated and then stored at room temperature \[[@r108], [@r109], [@r110]\].

The spermatozoa ejaculated immediately into the female reproductive tract exhibit progressive motility resulting from the regular and fast beating of the principal piece. The sperm flagella are driven by the interaction between ATP and the axonemal motor protein "dynein". In the principal piece, outer dense fibers are extended from the middle piece. The fibrous sheath replaces the mitochondrial sheath and forms longitudinal columns at positions of the outer dense fibers \#3 and \#8. These axoneme-surrounding structures possess scaffolding proteins, "A-kinase anchoring proteins 3 and 4", which gather the intracellular signaling molecules regulating flagellar beating and movement patterns. The end piece consists of the axoneme and plasma membrane without the axonemal-surrounding structures. However, the roles of this piece in sperm motility remain unclear \[[@r108], [@r111], [@r112]\].

While mammalian spermatozoa are in the late/terminal phase(s) of capacitation, their movement patterns change from progressive motility to hyperactivation. Hyperactivation is characterized by intensive and asymmetric whiplash beating of the middle and principal pieces and enhances the ability of spermatozoa to detach from the wall of the oviduct, to move around in the labyrinthine lumen of the oviduct, to pass through mucous substances and to penetrate the extracellular matrix of oocytes \[[@r4], [@r113], [@r114], [@r115]\]. Apparently, initiation and continuance of hyperactivation is regulated by the increase in intracellular Ca^2+^ (from approximately 50 nM to 400 nM) in the flagellum \[[@r116]\]. As of now, it is considered that the increased Ca^2+^ is recruited from the internal store (redundant nuclear envelop of the neck) through IP~3~R \[[@r65], [@r117], [@r118], [@r119]\] and subsequently from the extracellular space supposedly through SOCs including the transient receptor potential (TRP) channel family \[[@r120], [@r121]\] as well as from the extracellular space through the cationic channel of sperm "CATSPER" \[[@r122], [@r123], [@r124], [@r125]\]. However, it is likely that these two distinct calcium signaling cascades regulate different flagellar beating patterns in mouse hyperactivated spermatozoa \[[@r126]\]. Specifically, mouse epididymal spermatozoa, which were incubated under capacitating conditions for 2 h or treated with the putative CATSPER activator (procaine or 4-aminopyridine) under non-capacitating conditions for several minutes, underwent an intracellular Ca^2+^ increase in the proximal principal piece and phosphorylation at the serine/threonine residues of many proteins and then exhibited high-amplitude, pro-hook flagellar beating (a deep bend in the same direction as the hook of the head) \[[@r126]\]. The validity of the putative CATSPER activator (procaine) for the induction of hyperactivation in uncapacitated spermatozoa was also confirmed in the livestock (bulls and stallions) \[[@r127], [@r128]\]. In contrast, mouse epididymal spermatozoa increased the intracellular Ca^2+^ in the base (connecting and proximal middle pieces) of flagella after treatment with a putative releaser (thimerosal) of Ca^2+^ from the internal store of the connecting piece under non-capacitation conditions and consequently exhibited high-amplitude anti-hook beating of the flagella (a deep bend in the direction opposite the hook of the head) \[[@r126]\]. Moreover, recent experiments using male Acr-EGFP mice revealed that most ejaculated spermatozoa after *in vivo* capacitation exhibited high-amplitude anti-hook beating of the flagella in the ampulla of the oviduct \[[@r129]\]. From these complicated results, it is postulated that hyperactivation of mouse spermatozoa may initially be triggered by the influx of extracellular Ca^2+^ through CATSPER and subsequently be modulated by the action of Ca^2+^ from the internal store through IP~3~R and/or extracellular Ca^2+^ through SOCs to reverse the direction of the flagellar bend (from pro-hook beating to anti-hook beating). Also, it can be stated that there are basic differences in hyperactivation between *in vivo*-capacitated and *in vitro*-capacitated spermatozoa, because the environment of the female reproductive tract is quite different from that provided by incubation in capacitation-supporting medium \[[@r129]\]. Moreover, we should consider the possibility that differences in functions between epididymal and ejaculated spermatozoa have influences on hyperactivation, since seminal plasma (secretions from male accessory genital glands) contains a variety of functional regulators for sperm motility, metabolism, membrane fluidity, capacitation status and so on \[[@r130]\]. Additionally, in a previous experiment \[[@r131]\], mouse hyperactivation-like epididymal spermatozoa, in which serine-/threonine-phosphorylated proteins with molecular masses of 170, 155, 140 and 42 kDa were increased by incubation with calyculin A for 1.5 h, showed high-amplitude anti-hook flagellar beating, as observed in *in vivo*-capacitated spermatozoa \[[@r126]\]. However, it is hard to distinguish the direction of flagellar beating in the hyperactivated spermatozoa of livestock because their sperm heads are bilaterally symmetrical. Meanwhile, controversial data have been obtained in other pharmacological experiments indicating that a CATSPER-mediated increase in intracellular Ca^2+^ was induced in an early phase of capacitation and that this Ca^2+^ increase activated the motility to promote penetration into cervical mucus or cumulus matrix but barely induced hyperactivation \[[@r132], [@r133]\]. Instead, the IP~3~R-meditated release of stored Ca^2+^ at the connecting piece was effective mainly in initiation and continuance of human sperm hyperactivation \[[@r133]\]. Thus, further research is necessary in order to determine the types of calcium channels that are requisite for the initiation and continuance of hyperactivation.

Roles of Intracellular cAMP Signal Transduction in Sperm Capacitation and Subsequent Hyperactivation {#s4}
====================================================================================================

It is generally accepted that the mammalian sperm acrosome reaction and flagellar hyperactivation are observed in the late/terminal phase(s) of the capacitation. In particular, hyperactivation is correlated with the cAMP-dependent enhancement of the protein tyrosine phosphorylation state, which is a hallmark of capacitation \[[@r132], [@r134], [@r135]\]. Thus, I am thinking that it is necessary to investigate the relationship between cAMP signal transduction and calcium signaling cascades leading to hyperactivation for the purpose of understanding the molecular basis of capacitation.

Mouse spermatozoa
-----------------

Roles of cAMP signal transduction in regulation of the ion channels have been proposed for mouse spermatozoa \[[@r119]\]. Briefly, intracellular alkalization is observed during passage through the female reproductive tract or incubation in a capacitation-supporting medium. It is regulated by the uptake of bicarbonate \[[@r17],[@r18],[@r19]\] and also promoted by a sperm-specific sodium/hydrogen exchanger (sNHE) in the principal piece of the flagella \[[@r136]\]. The sNHE contains a potential voltage sensor and a consensus cyclic nucleotide-binding motif, suggesting possible interaction with cAMP. Interestingly, sNHE-null male mice are infertile and have severely diminished sperm motility \[[@r136]\]. Subsequently, intracellular alkalization activates the potassium channels including SLO3, leading to membrane hyperpolarization of the flagella \[[@r137], [@r138]\]. Sperm SLO3 is stimulated by cAMP through PKA-dependent phosphorylation \[[@r119]\]. Alternatively, a Cl^-^ channel, the cystic fibrosis transmembrane conductance regulator (CFTR), which is modulated by the cAMP-PKA signaling cascades and ATP levels, promotes membrane hyperpolarization by closing epithelial Na^+^ channels (ENaCs) in the middle piece \[[@r139],[@r140],[@r141]\]. Such capacitation-associated membrane hyperpolarization is necessary for entry of external Ca^2+^ via the voltage-dependent ion channels including CATSPER and contributes to the occurrence of hyperactivation \[[@r119]\]. Moreover, mouse spermatozoa are highly enhanced in the tyrosine phosphorylation state of flagellar proteins and coincidentally exhibit hyperactivation by simple incubation in a capacitation-supporting medium including the activators of cAMP signal transduction (bicarbonate \[[@r21]\] and Ca^2+^ \[[@r54]\]) without further addition of external stimulators (e.g*.,* procaine, 4-aminopyridine, caffeine, progesterone, thimerosal and Ca^2+^ ionophore A23187) for the calcium signaling cascades \[[@r126], [@r129], [@r142]\]. These observations suggest that mouse spermatozoa may be spontaneously capable of switching on the calcium signaling cascades leading to hyperactivation when they accomplish sufficient activation of cAMP signal transduction during capacitation.

Boar spermatozoa
----------------

In boar spermatozoa, hyperactivation was barely induced by simple incubation in a capacitation-supporting medium (unpublished data). Similar results were obtained in bull spermatozoa incubated under capacitating conditions *in vitro* \[[@r127]\]. Moreover, a clear increase of the tyrosine phosphorylation state was detectable in only limited proteins of boar spermatozoa that were incubated in a capacitation-supporting medium \[[@r143],[@r144],[@r145]\]. These observations indicate that incubation under capacitating conditions *in vitro* cannot sufficiently activate the intracellular cAMP signal transduction leading to enhancement of the protein tyrosine phosphorylation state and the occurrence of hyperactivation in boar spermatozoa, unlike the case in mouse spermatozoa. This might be because full activation of sperm cAMP signal transduction requires much stronger stimulators in boars than mice.

Thus, in our laboratory, my colleagues and I attempted to induce both capacitation-associated changes and hyperactivation in boar spermatozoa *in vitro* by stronger stimulation of intracellular cAMP signal transduction and found that transition of motility from the progressive type to hyperactivation was highly induced in boar spermatozoa by incubation with a cell-permeable cAMP analog, "Sp-5,6-dichloro-1-β-D-ribofuranosylbenzimidazole-3´,5´-monophoshorothioate" (cBiMPS), for 180 min \[[@r49], [@r66], [@r67], [@r85]\]. During this incubation period, the capacitation state in the sperm head (as assessed by chlortetracycline staining) and tyrosine phosphorylation state in the flagellar proteins were enhanced coincidently with the transition of motility to hyperactivation \[[@r38], [@r64], [@r67], [@r85]\]. These findings demonstrate that our simulation system can mimic the capacitation-associated changes leading to hyperactivation in boar spermatozoa. To my knowledge, our system is the only method that can highly induce both capacitation-associated changes and hyperactivation in livestock spermatozoa.

Our previous articles suggest that several cAMP signaling cascades regulating hyperactivation are activated in boar spermatozoa by our simulation system ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Possible segment-specific cAMP signal transductions regulating transition of the flagellar movement pattern to hyperactivation in boar spermatozoa. ADCY10, adenylyl cyclase 10; cAMP, cyclic adenosine 3´,5´-monophosphate; PKA, protein kinase A (cAMP-dependent protein kinase); pS/pT, serine/threonine phosphorylation; PP, protein phosphatase; TK, tyrosine kinase; SYK, spleen tyrosine kinase; PTP, protein tyrosine phosphatase; pY, tyrosine phosphorylation; PLC, phospholipase C; PIP~2~, phosphatidylinositol 4,5-bisphosphate; DAG, 1,2-diacylglycerol; IP~3~, inositol 1,4,5-trisphosphate; IP~3~R, IP~3~ receptor; PKC, protein kinase C; PI3K, phosphatidylinositol-3 kinase; PDK1, phosphoinositide-dependent protein kinase-1; CaM, calmodulin.). In brief, the treatment with cBiMPS (i.e.*,* increase of intracellular cAMP) can induce protein serine/threonine phosphorylation rapidly by the activation of PKA and then induce protein tyrosine phosphorylation with a time lag of a few hours by activation of protein tyrosine kinases \[e.g*.,* spleen tyrosine kinase (SYK)\] in the connecting and principal pieces. The possible functions of the cAMP-dependent protein tyrosine phosphorylation may include activation of phospholipase Cγ1 (PLCγ1) that is linked to the release of Ca^2+^ from the internal store in the connecting piece \[[@r65]\]. Moreover, other serine/threonine kinases including protein kinase C (PKC) of the connecting piece are activated by the actions of the cAMP-PKA signaling cascades and/or release of Ca^2+^ from the internal store \[[@r66]\]. On the other hand, it is likely that another cAMP-dependent signaling cascade suppresses tyrosine phosphorylation of flagellar proteins via the phosphatidylinositol-3 kinase (PI3K) and phosphoinositide-dependent protein kinase-1 (PDK1) in order to prevent the occurrence of precocious hyperactivation \[[@r85]\]. Recently, my colleagues and I \[[@r135]\] indicated that these capacitation-associated changes in protein tyrosine phosphorylation state in the connecting and principal pieces are necessary for critical actions of external Ca^2+^ to trigger hyperactivation.

Unlike the case of mouse spermatozoa, the capacitation-associated protein phosphorylation at the serine/threonine and tyrosine residues is less intensive in the middle pieces of boar spermatozoa because of a deficiency of PKA and protein tyrosine kinase (SYK) in this segment \[[@r64], [@r85]\]. Thus, few investigations have been made into the cAMP-dependent changes in the protein phosphorylation state of the middle piece. In our preliminary experiment, however, my colleagues and I detected an increase in the active form of the AMP-activated protein kinase (AMPK) 2α catalytic subunit (phosphorylated at Thr172) mainly in the middle piece of boar spermatozoa during incubation with cBiMPS to induce hyperactivation ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Detection of AMP-activated protein kinase (AMPK) in boar spermatozoa. For the immunodetection of the AMPK2α catalytic subunit protein, washed spermatozoa were incubated with cBiMPS and an inhibitor for PKA H-89 at 38.5 C. In panel A (Western blotting: a representative of three replicates), aliquots of each sperm suspension (1 × 10^6^ spermatozoa/lane) were recovered immediately before and after incubation, used for SDS-PAGE and transblotting to the membranes, treated with a diluted rabbit anti-phospho-AMPK α polyclonal antibody \[Thr172, an active form, anti-phospho-AMPKα (pT172), 1:1,000-2,000\] or with a diluted rabbit anti-phospho-AGC kinase substrate polyclonal antibody (anti-phospho-AGC kinase substrate, 1:5,000) and then treated with HRP-conjugated donkey anti-rabbit immunoglobulin polyclonal antibody (1:1,000--1:2,000). In addition, the tubulin was detected solely with HRP-conjugated mouse anti-α-tubulin monoclonal antibody (1:10,000, anti-α-tubulin) as loading controls. In panel B (indirect immunofluorescence: a representative of three replicates), aliquots of each sperm suspension (5 × 10^5^ spermatozoa/preparation) were recovered immediately after incubation for 180 min and treated with paraformaldehyde and Triton X-100. The fixed and membrane-permeated spermatozoa were blocked with bovine serum albumin (BSA) in PBS (blocking buffer), treated overnight at 4 C with the anti-phospho-AMPKα antibody (1:50) or a blocking buffer without the primary antibody (no primary antibody) and then treated with fluorescein isothiocyanate (FITC)-conjugated swine anti-rabbit immunoglobulins (1:50). In each set of photographs, the upper photograph is from differential interference contrast microscopy, and the bottom photograph is from immunofluorescence microscopy.). Moreover, this increase of the active form was suppressed by addition of the PKA inhibitor H-89, indicating interaction with the cAMP-PKA signaling cascades ([Fig. 2](#fig_002){ref-type="fig"}). Pharmacological inhibition of AMPK with compound C suppressed the occurrence of hyperactivation without deleterious effects on the motility rates and intensity of flagellar beating, but had almost no influence on the state of cAMP-dependently tyrosine-phosphorylated proteins and serine/threonine-phosphorylated PKA substrates in the connecting and principal pieces (data not shown). AMPK is a key regulatory kinase for cellular energy homeostasis, including carbohydrate metabolism. An increase in the intracellular AMP/ATP ratio leads to activation of AMPK by phosphorylation at Thr172 of the activation loop in the catalytic α subunit \[[@r146], [@r147]\]. Another research group \[[@r148]\] also demonstrated the presence of AMPKs in boar spermatozoa and indicated their possible roles in motility. As sperm movement is accompanied by the consumption of a large amount of ATPs by the action of flagellar dynein-ATPases, I hypothesize that carbohydrate metabolism-related signaling cascades may participate in the occurrence of sperm hyperactivation. In brief, the AMPK2α catalytic subunit of the middle piece is unlikely a PKA substrate, since PKA is barely detected in this piece \[[@r85]\]. One of the causal factors for the increase in the active form of the AMPK2α catalytic subunit may be an increase in the intracellular AMP/ATP ratio, which is due to rapid consumption of ATPs by the PKA-dependent dynein-ATPase. Considering the localization of cAMP-dependently tyrosine-phosphorylated proteins, this indicates the existence of AMPK-mediated signaling cascades in the middle piece that affect the occurrence of hyperactivation and are independent of capacitation-associated protein tyrosine phosphorylation.

Concluding Remarks {#s5}
==================

In conclusion, I would like to propose the suggestion that there are differences in the mechanism for the sperm capacitation between mice and boars. Moreover, I would also like to point out the existence of segment-specific cAMP signal transductions in boar spermatozoa. In the connecting and principal pieces, capacitation-associated protein tyrosine phosphorylation is related to modulation of the calcium signaling cascades leading to hyperactivation. In the middle piece, by contrast, the activation of AMPK (which is promoted by the indirect action of cAMP-PKA signaling cascades) is independent of capacitation-associated protein tyrosine phosphorylation and involved in the occurrence of hyperactivation. These segment-specific cAMP signal transductions must be orchestrated during capacitation for full development of flagellar movement into hyperactivation in boar spermatozoa.
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